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I PHASE 1 - OBJECTIVE
The main objective of the Phase I project was to establish the technical feasibility of
producing superior tertiary ceramic composites, which utilizes two toughening materials,
zirconia for transformation and microcrack toughening and SiC whiskers for crack deflection
toughening. In a controlled microstructure alumina matrix. The controlled microstructure of
the matrix is produced by controlling the nucleation frequency of alumina gel with seeds
(submicron ccalumina). Further objectives were to establish the superiority of these
composites with respect to fracture toughness over the best monolithic alumina, zirconia
toughened alumina, and SiC whisker reinforced alumina and to establish the advantage of the
sot-gel process over conventional processes.
I! SCOPE
This report documents (1) the procedure and results for producing the composite gel,
(2) the results of a study of the phase transformations of the zirconia particles and alumina
matrix (:3) the microstructure of the calcined composites, (4) SEM of hot pressed and
fractured surface of the composites. Finally, a mathematical model is presented to describe
the potential toughening behavior of the tertiary composite.
III INTROBUCTION
In recent years there has been a tremendous amount of research performed to develop
engineered ceramic composites. Two ceramic composites that are currently the focus of
extensive investigation are:
1. SiC-whisker Reinforced Alumina SWA) and;
2. Zirconia/Hafnia Toughened Alumina (ZTA)
The objective of this project has been to investigate and utilize two new concepts for
producing a superior composite to either SiC-whisker reinforced alumina (:SWA) or zirconia
toughened alumina (:ZTA). These two concepts are listed below.
,
Fabrication of a tertiary composite which utilizes both SiC-whiskers and
zirconia/hafnia to toughen alumina.
.
Production of this composite via a sol-gel route, in which ultrafine or-alumina
seeding is used to control the microstructure of the composites.
Theconcepts of producinga tertiary compositeutilizingbothSiC-whiskersand zirconia
to toughenaluminaand producingthis compositevia a sol-gel routewhich utilizes seed to
produce a homogeneoustertiary composite with fine grained microstructure are new,
Excellentuniformityof compositeconstituentscanbe achievedwithsol-gel becauseproblems
of segregation during processing that are encounteredduring conventional processing
techniquesare avoided.However,the conceptof usingsol-gelhasbeendiscardedby most of
the ceramic communitybecauseof poor results in earlier investigations. The problems
experiencedare high porosity [1] and runawaygrain growth duringprocessingof sol-gel
derivedaluminato its oc-phase[2]. However,it hasbeendemonstratedthat graingrowth can
be inhibitedby both seedingwith co-aluminand impedingwith zirconiaparticles [3-4]. We
feel that the problemof runaway grain growthcan, therefore,be overcomewith these two
inhibitingmechanismswhile utilizingthe obvious advantagesof homogeneityand ease of
densificationobtainedwith the sol-gelprocess.
Sol-gelsare colloidalsuspensionshalfway betweenmolecularsize particles and micro
(nano) size particles which is, at the molecularbuildingblock level, the ideal stage for
producingceramic compositionswith controlledproperties. Sol-geltechnologyis a powerful
synthesis techniqueused to produce reactive inorganicprecursors for solid state reaction
which can providethe control necessaryto vary propertiesandachieveimprovedbehaviorin
the solid composite. Microstructurecan be tailored with the aid of sol-gel technology to
producespecific engineeredstructural properties. Sol-geltechnologyopens new vistas for
ceramicandcompositematerialspreparation.
The emerginginnovationsin sol-gelprocessingand microstructuralcontrol permit the
explorationof toughenedceramics utilizingfine particleswhich transform martensiticaily,as
well as fibers (whiskers)and/or otherpossiblesecond phasemorphologies.Clearly,there is
an opportunity,utilizingsol-gel technology,to developadvancedtransformationtoughened,
whisker reinforced,ceramiccompositeswhich can result in internationalsuperiorityin the
same area of fabricationand implementationof engineeredstructural ceramic composites.
Materials and ElectrochemicalResearch(MER)Corporationand its commercialinternational
partner KeraMontResearchCorporationare vigorously pursuingthe developmentof such
compositesfor governmentand commercialutilization.
The conventionalprocesses for productionof compositeceramicshave been mixed
powder/fiber techniques. One methodhas been to mix the dry compositeconstituents in
either a ball-millor attrition mill;then removethe product and consolidateby hot-pressing
or by cold pressingand sintering. Anothervery popularmethodhasbeento create a slurry
by mixing the composite constituents in a liquid usuallycontaining a dispersant and/or
binders with a high shear mixer and/or with an ultrasonicmixer, filter the slurry with a
filter-press;dry the cake; and then consolidatethe dried cake by hot-pressing or by cold-
pressing andsintering. Bothof these techniquessuffer from(1) segregationand incomplete
mixingof compositeconstituentsduring possessingand, (2)large agglomeratedparticles of
the secondaryphasereinforcement.
Investigatorshave studied at least two other process for the production of ZTAin
hopes of producing a more homogeneouscomposite than is possible with conventional
processingtechniques. Onemethod is co-precipitationof zirconiumand aluminumsalts from
aqueoussolution followed by calcination in oxidizingenvironment[5]. The other method is
simultaneousflamedepositionof zirconiaand alumina[6]. Bothof these processesare new
and have not been investigated in sufficient detail to determinetheir success. However,
neither of these methods arecompatiblewith the additionof whiskersfor the production of
a tertiary composite.
The sol-gel approach for the production of alumina sintered bodies has been
investigated with both aluminumalkoxide and aluminamonohydrate precursors [7, 8].
However,the measuredmechanicalpropertiesof the sinteredparts were poor and attributed
to voids in the matrixcreatedby the highshrinkageof the gel.
The techniqueof seedingan aluminasol-gelwith G-alumina particles has been shown
to provide the grain growth control and rapid densification necessary to produce a high
quality alumina monolith that was lacking in earlier attempts using sol-gel. Kumagai and
Messing have studied the effects of seeding Boehmite sol-gels with ultra-fine particles of cc
alumina [3, 4]. They report enhanced densification, controlled grain growth and lower
transformation temperatures for seeded sol-gels as opposed to unseeded sol-gels. The oc-
alumina seed particles act as nuclei for the transformation of theta to alpha alumina and
result in an increase in the transformation kinetics and lowering of the transformation
temperature by as much as 170 C. By increasing the seed concentration (i.e. nucleation
frequency), a submicrometer aggregate-free microstructure develops, rather than the
vermicular microstructure that usually characterizes the alumina transformation. Kuagal and
Messing have shown that the number concentration of seeds rather than the weight or
volume concentration is the governing factor in transformation kinetics. Also they have
given an optimum seed concentration of 5 x 10 _3 seeds per c.c. based upon enhanced
densification. Such a large number concentration requires that the diameter of the seed
particles be well into the submicron range. We have used this phenomena to control the
microstructure of Phase I proposed composites.
Milewski has published a paper that gives guidelines for the efficient use of whiskers
in the reinforcement of ceramics [9]. He emphasizes that the aspect ratio of the fibers
should be kept low (10-20) in order to obtain a high green density. He has determined that
fibers with aspect ratios from 100 to 1,000,such as wool, will tangle readily;those with
aspect ratios from 50 to 100will bundleand clump;andthose with aspect ratios from 10 to
30 flow and behave like powder. Aspect ratios of the fibers must be kept low (10-30) in
order to avoidagglomerateswhenproducinga fiber reinforcedcomposite. Wewere limitedin
Phaset work, in regardto the type and aspect ratioof SiC,to those availablecommercially.
However,TatehoChemicalsagreedto supplyus with narrowdistributionaspect ratio SiC for
evaluation. This is one of the subjects proposedfor PhaseII. Webelieve,from the work
and results of PhaseI, that controllingthe aspect ratioof SiCwillhave _ignificanteffect on
the propertiesof the composites.
It has longbeenknownthat zirconia,whenpresentas a dispersedphase,can toughen
alumina. However,there is much debate about the exact mechanismsby which this is
accomplished.Researchershaveestablishedthat thereare two distinct mechanismsby which
zirconia toughens alumina. One is by stress induced martensitic phase transformation from
the metastable phase (tetragonai) to the stable phase (monoclinic) that occurs in a zirconia
particle in the strain field of a propagating crack tip. This phase transformation relieves
stress. It is not clear whether the stress is relieved because energy is absorbed by
activation energy of the phase transformation (nucleation barrier)or if it is the cancellation
of tensional forces in a propagating crack tip by compressional forces exerted because of the
dilation that occurs during the t-m phase change. The other mechanism by which zirconia
can toughen alumina is by stress nucleated microcracking of the alumina matrix by monoclinic
particles that have already been transformed from the tetragonal phase. This relieves stress
by delocalizing the stress through local strain. Both mechanisms are important. In the
words of Heuer, Claussen and Ruhle: "Both tetragonal (t) and monoclinic (m)ZrO2 particles
in ZrOz-toughened alumina can give rise to toughening, in the stress fie,d of a propagating
crack, the t-ZrO 2 particles can undergo the stress induced t-m transformation and the
residual stress around the already transformed m-ZrQz particles can cause microcracking."
The toughening increments via these distinct mechanisms are comparable, and it appears that
optimally fabricated ZrO2-toughened AI203 should contain a mixture of t and m-ZrO 2 [10].
The metastability of t-ZrO_, particles in ZTA and hence the degree of toughening via
the stress induced t to m ZrO_ phase transformation is a strong function of the
microstructure of the composite. A nucleation barrier (a function of particle size, particle
shape and matrix constraint) inhibits the transformation of a zirconia particle to its stable
phase below the normal transformation temperature [11]. Zirconia particle size is a key
parameter affecting the height of the nucleation barrier. There exists a critical minimum
particle diameter (~5Ohm) below which the stress induced phase transformation can not take
place [12}. Also, there exists a critical maximum particle size diameter above which the
particle will spontaneously transform to the stable phase (m) upon cooling to room
temperature(0.6 I_m)[13]]. Clearly the diameterof the zirconiaparticles must be between
these two limits if transformationtougheningis to be achieved. Larger particles transform
more easily in a stress field than do smallerparticles. However,the temperatureat which
the reversetransformation,m to t, takes placeis a measureof the maximumtemperatureat
which transformation tougheningcan occur [14, 15]; and this temperature decreases with
increasingparticle size. Smallerzirconia particles give transformationtougheningat higher
temperaturesthan largerparticles. The a--aluminaseedingin our system is expectedto play
a role in controllingthe size of zirconiaparticlesby heterogeneousnucleation.
The use of whiskers or short fibers for reinforcementin compositeshas been under
investigationfor sometime. Originally,fibers wereused to reinforceglassesand metals [16}.
As of late, whiskerreinforcementof ceramicmatriceshas come into prominence.Thereis a
large numbercombinationsof whiskers and matricesthat could be created. Weiand Beecher
have stated someground rules for compatibilityof whiskers andmatrix in whisker reinforced
composites[17]. They state, "In order for a particular whisker and matrix to combineto
forma successful composite,three areas must beconsidered;(1) the differencebetweenthe
coefficient of thermalexpansionof the fiber and that of the matrix, (2) elastic moduleof
the matrix and fiber, and (3)chemical compatibilitybetween the fiber and matrix at the
processing temperature." Lately, use of strong single crystal SiC-whiskers to reinforce
aluminahas been under intensive investigation. It has been determinedthat both fracture
toughnessand fractured strengthof this composite(SWA)can be at least double of that of
monolithicalumina[17].
Tougheningby whisker reinforcement involves several toughening mechanisms.
However,the primarytougheningmechanismin SWA,hasbeen shownto be crack deflection
[18, 19]. Faberand Evans have used a fracture mechanicsapproach to model the crack
deflectionmechanismfor rod like whiskers. Whiskerpullouthas been shownto be another
importanttougheningmechanism[20].
The whisker pulloutmechanismhas been modelledin a paper produced by Seecher,
Tiegs,Ogle,and Warwick[19]. However,the modelhas severe deficiencieswhich makes a
quantitative predictionof tougheningwith this model impossible.In this modelwhiskers are
treated as solidrods that are alignedperpendicularto the tensilestress field. There is no
attempt made to account for orientations of whiskers other than that. Also,a work of
Dullout is calculated that does not take into account the variablearea of whisker matrix
contact duringpull-out.
We have modified the models of tougheningand expanded them to include the
interaction between tougheningmechanisms. The results and implicationsof the modified
model are presented in this report together with the experimentaJresults of mechanical
testingof the binaryand tertiary compositespreparedunderthis program.
IV. EXPERIMENTAL INVESTIGATIONS AND RESULTS
The purpose of the Phase I investigation was to demonstrate the technical feasibility of
producing a high fracture toughness ceramic composite by utilizing both ZrO 2 toughening and
SiC whisker reinforcement together with alumina gel which utilizes an o-alumina seeding
technique for producing superior alumina matrix composites. To establish the feasibility for
producing these two toughening inducing materials in toughened alumina composites, we
proposed to carry-out the following activities utilizing statistically designed experiments.
1. Prepared alumina gel
2. Produce alumina particles from alumina gel
3. Add alumina particles and whiskers to Zirconia
4. Produce dried zirconia coated alumina-whisker composite powder
5. Hot press composite powder
6. Evaluate toughness and MOR of composites
1. Preparation Alumina Gel
Statistically designed experiments were conducted to investigate the feasibility of
producing the alumina gel from aluminum chloride hexahydrate, ACH. The effect of
calcination temperature (200-600°C), time (20-30 minutes), gas composition (nitrogen vs steam)
during calcination, and pretreatment of the calcined products (water vs alkaline solution)
were investigated.
The results of these experiments were not encouraging. The products produced at tow
temperature (<400'_C) were high in chloride and dissolved rather than gelling in acid solution.
The products produced at high temperature (>400) did not disperse well (they produced what
is known as white wash instead of well dispersed gel). We, therefore, elected to use alumina
monohydrate as the starting material for producing alumina gel instead of the ACH
precursors.
Vista Chemicals produces dispersible alumina monohydrate products (catapal A, B, and
D) on a commercial scale. These products have low cost and are highly dispersible,. Their
dispersibility and gelling kinetics are well established (1). Since the objective of the
proposed effort is to prove the additivity of toughening mechanisms rather than to develop
new alumina gel precursors, it seems that producing alumina gel from ACH is much more
involved than we had initially anticipated. Therefore,we elected to use Vista Chemical
(CatapalB) as the starting materialfor producingthe aluminagels.
Highlydispersedaluminamonohydrate(>98%dispersibility)was prepared by dispersing
Catapal B in dilute acidic solution (hydrochloric acid was used at 70°C). THe get was
obtainedby increasingthe acid concentrationto 1.6 mmolesof H+per gram of alumina. An
excellenthomogeneousgetwas obtainedundertheseconditions.Themeasuredviscositiesof
the gelexceeded9500centipoise.Suchhighviscositiesinsuredthat segregationof dispersed
whiskers or ocaluminaseed particles would be far too slow to cause heterogeneitiesthat
weakenthe composites.
2. Production of Homogeneous Mixture of Composite Gel
We combined the proposed activities 2 and 3, into one major activity with the purpose
of producing a homogeneous mixture of dispersed SiC whisker, zirconia precursor, and alumina
gel. Four sets of statistically designed experimental studies were performed to establish the
main effects and interactions of the process variables, listed in Table 1, upon the final
properties of the composites. In the first set of statistically designed experiments, we
investigated the effect of Zro02_ content (using ZrOC solution as precursor), SiC content, SiC
type (F-H and M-8) and seeding factor. The total number of fully factorial design
experiments (24 ) is 16 experiments and sixteen composite gels were prepared. In the second
set of experiments we fixed the seeding factor (i.e. we used 3% or-alumina seeds in all
experiments) since from the results of the first test we were able to ascertain the effect of
SiC (Tokai and Tateho whiskers). A fully factorial statistical test (23) of 8 experiments was
conducted and 8 composite gels were prepared. The zirconia content and seeding factors
were the independent variables for the third statistical test and 4 gels without SiC whiskers
were prepared. In the fourth test, the SiC content (F-H SiC whiskers), and seeding factors
were investigated without zirconia and another 4 composite gels were produced. The third
and fourth tests were conducted to establish the increment of fracture toughness due to
combining the two toughening mechanisms by comparing test results 3 and 4 with data
obtained in statistical test 1 and 2.
TABLE 1
PROCESS INDEPENDENT VARIABLES FOR ZrOzlSiOlAI203 COMPOSITE
Process Variable_ •re Level -re Level
or-Seeding 3% seed Unseeded
ZrO 2 Content 15% 5%
ZrOz Precursor ZrOC soln. (1) ZrO 2 powder
AI203 Source Sol-gel AI203 powder
SiC Content 30% 15%
SiC Type ¢2) M-8, F-H Tokal, Tateho
(1) Zirconium Oxychloride Solution
(2) M-8 and F-H are equivalent
Milewski).
SiC to ARCO Chemical SiC Whiskers ([obtained from J.
In total, 32 composite gels were generated for these statistically designed experiments.
In addition, four composites were also prepared by mixing powders of alumina and ZrO 2 with
dispersed SiC whiskers in solution to establish the advantage or disadvantage of the gel
matrix approach.
In all experiments the SiC whiskers (the properties of the whiskers used are given
Table 2) were cleaned by leaching in 50% HCl solutions, and thoroughly rinsed. The whiskers
were dispersed in water by adjusting at pH 6 followed by ultrasonic dispersion. In the
composites prepared from alumina monohydrate a 20 wt% alumina solwas prepared at 70°C by
adjusting the pH to 3.7 using nitric acid. The sol was allowed to fully disperse. The
dispersed S;C whiskers were then added to the sol. Next, the zirconia oxychloride solution
was mixed in, which caused immediate gelling of the matrix. The gel was mixed with a top
stirrer to homogenize the mixture.
The procedure utilized in this project to produce the composite gel is depicted in
Figure 1. It is clear from Table 2 that we did not have ideal SiC whiskers, however, these
were the only whiskers available to us at the time this project began. F-H and M-8
whiskers, were more particulate SiC than clean whiskers. The Tateho and Tokal whiskers on
the other hand were clean whiskers, but they have a very high aspect ratio and too small a
diameter for what is considered ideal. As mentioned before, we have arranged with Tateho
to supply us with a very narrow aspect ratio distribution with appropriate diameter.
TABLE 2
PROPERTIES OF SiC WHISKERS
Aspect Ratio Diameter Crystal
Manufacturer T_2:P_#_ (L/D) __(_m) Phase
Los Alamos F-H 120 u 0.5 cubic
Los Alamos M-8 75 M 0.7 cubic
NIAC x SCW-IS 20-200 0.05 O.15 ,8
Tateho
Mitsubishi Tokai 50-200 0.1 0.5 ,B
x NIAC, Nissho Iwai American Corporation
M Aspect Ratio Determined by Milewski Method
A typical photomicrograph of the gel produced containing the ZrO 2. SiC whisker, oF
alumina seed in alumina gel is shown in Figure 2. It is clear that the whiskers and oF
aluminum seeds are well dispersed with no agglomeration or clumping gel matrix (which is
translucent at this state).
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3. Produce Dried Zirconia/SiC Whisker/Alumina Composite Powders
The 32 composite gels and the four slurries of mixed ZrO 2. AI203 powders and SiC
whiskers were dried at 125°C. The dried gels were bail milled, calcined at 800°C for one
hour to drive off all the chlorides and finally calcined at 1200°C for two hours to transform
the ZrO z to the tetragonal phase and the alumina matrix to _-aiumin&
The procedure for producing the dried composite gel is summarized in Figure 3.
We studied in detail the transformation of alumina and zirconia as a function of _-
alumina seed, SiC whisker and temperature. For this study four composites gel compositions,
Table 3, were prepared and calcined at 400°C, 600°C, 800°C, 1000°C and 1200°C for 1 hour.
Samples were taken after each temperature interval for x-ray analysis. The dominant peak
intensity (20=35.2 °) of ct-alumina was plotted for each composite. Figure 4 for composites A
and B and Figure 5 for C and D.
The effect of seeding composite gels with eralumina can be seen by examining figures
4 and 5. The 0 --> cx transition of the alumina matrix was enhanced by seeding with cc
alumina in both composites with and without SiC-whiskers, as was expected. It appears that
the 0 --> c_ phase transformation is somewhat inhibited by the presence of SiC whiskers.
This implies that o_-seeding is even more essential in the tertiary composite system than it is
in the binary composite system from the point of view of ensuring controlled transformation
of the alumina matrix.
Figures 6a and 6b demonstrate the effects of or-seeding upon zirconia particle growth.
The composite that contains seed, (A) appears to have "grown" larger particles of zirconia.
The larger particle growth can be attributed to smaller grain size of the oc-alumina matrix,
(diffusion occurs mainly along grain boundaries and a finer grain structure implies a higher
grain boundary surface area).
The effect of seeding with cralumina upon zirconia particle growth in the binary
composites can be seen by comparing figures 6a and 6b. The seeded sample grew larger
zircon_a particles than the unseeded sample in identical calcination conditions. The evidence
of increased particle growth is the presence of the monoclinic phase of zirconia. (Zirconia
particles that exceed 0.6 I_-m in diameter transform spontaneously from tetragonal to
monoclinic upon cooling to room temperature). The enhanced particle growth can be
attributed to a finer alumina grain structure in the seeded sample. Diffusion of zirconia
proceeds along the alumina grain boundaries. A finer alumina grain structure implies a
Iligher grain boundary surface area and therefore a higher rate of zirconia diffusion. The
particle s_ze of the zirconia attained in the seeded sample was superior, with respect to
toughening capacity, which was reflected in the fracture toughness measurements. Enhanced
particle growth was not observed in the seeded composite that contained SiC-whiskers as
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TABLE 3. COMPOSITION OF COMPOSITES USED FOR TRANSFORMATION EXPERIMENTS
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compared to the unseeded. This might be due to SiC whiskers pinning alumina grain
boundaries and impeding the diffusion of zirconi&
The effect of co-seeding was not only to control the alumina grain structure and
transformation temperature, but also to enhance the growth of zirconia particles to the
optimum size. The transformation temperature of ZrO 2 to the tetragonal form at about
1000°C which indicates that the Zr02 grain size in the tertiary composite is still acceptable.
This implies that oc-alumina seed is enhancing the generation of optimum ZrO 2 particles which
should reflect on enhanced toughening effect of the binary composite. Indeed from the
critical fracture toughness data (to be reported in a later section of this report) _,-seed had
significant effect on enhancing the toughening of the binary composite. This is unexpected
since the general opinion and the reported data show that AI203-ZrO 2 binary composites
produced from sol-gel produces low strength and low toughness composites. Accordingly, the
effect of oc-seeding is not only central to the alumina transformation but also to the ZrQ 2
particle size and transformation. This is essential and a novel finding.
An interesting result was obtained by examining the SEM of the composite powders. In
Figure 7, SEM's of calcined composite powder produced from gel, are shown. It can be seen
that even on the micron scale, for the composite powder produced from the gel, the SiC
whiskers are homogeneously distributed and embedded into the matrix. The non-uniform
particle size distribution of this powder is due to the bail milling action of the dry gel.
This, besides the fact that we did not have acceptable whiskers which was a major
detrimental fact in consolidating our composites. In Phase II, we are proposing to investigate
spin spray drying techniques to produce uniform size distribution of the composites without
the detrimental effect of grinding. Photomicrographs of the (1200°C calcined) composite
powder produced from gel calcined at 1200°C with and without seeds, are shown in Figure 8a
and 8b, respectively. They demonstrate that seeds act as nucleation sites to produce fine-
grained powder compared to unseeded system.
In summary, the following was observed, (1) well dispersed, fine microstructure,
composite powder was obtained from the proposed concept, (2) the 800°C calcination of the
composite gel produced powder with very low chloride levels (<30 ppm), without
transformation of the zirconia (indicating that Zr02 particles are submicron in size), and
alumina did not transform to the orphase, (3) the 1200°C calcination, caused the
transformation of the Zr02 and alumina to the desired crystalline phases (the seeded samples
had fine microstructure), (4) the co-seeding was found to have significant effect on the
transformation of ZrO_ in binary composites while its effect was nullified by the SiC whisker
in the tertiary composition, and (5) the seeding had significant effect on alumina
transformation in both composite systems.
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4. Hot Press Composite Powder and Evaluation of Mechanical Properties
Composite powders using M-8, F-H and Tokai whisker were hot-pressed into a special
configuration required for the mechanical testing at Lawrence-Livermore Laboratories (LLL).
Composite powder samples were hot pressed in the range of 5,000 to 10,000 psi at
temperatures between 1375°C to 1475°C for about 40 minutes in multi-cavity graphite dies.
The hot pressed parts were cut to size ( 1/2" diameter rods, and 3/4" length) and surface
machined. Densities of the hot pressed composites were measured by the standard technique
and a summary of results is given in Table 4. Except for the binary composite (which
reached full theoretical density) all composites had low density ranging from as low as 71%
to as high as 88% of theoretical density. The pressing temperature was not high enough to
produce the liquid phase during sintering of these composite powders. In addition, the poor
powder particle size distribution, as mentioned before, attributed to the ball milling of the
composites, in combination with low sintering temperature most likely resulted in the low
densities. It is interesting to note, however, that similar densities were obtained for
composites with similar composition. For example, composites number K-5, K-1-19, K-1-13,
and K-1-19 (Table 4) with 5% ZrO 2, and 15% SiC have densities of 85, 88, 85, and 85%
respectively. This implies that the properties of these composites can be statistically
analyzed using the technique of comparing means of matched samples.
It is interesting to note that the only samples that fully densified were the binary
composites (AI203-ZrO 2) with oc-alumina seed.
Four composite samples (using Tateho SiC whiskers) were also hot pressed, but at higher
temperature. These composite powder samples were hot pressed at 4000 psi at 1670°C to
1690°C for 7 to 10 minutes. The temperature in this case was sufficiently high to possibly
cause liquid phase sintering (AI20.3-ZrO 2 forms a eutectic with liquid,us temperature of
1710°C). However, the time at pressure were relatively short, in our opinion, to allow for
full densification; even though relatively high hot pressed densities over (90% of theoretical)
were obtained for composite powders with low SiC whiskers contents (15 wt % SIC). The hot
pressed samples were surface ground and sliced into 12 mm wide bars to serve as test
samples for the mechanical testing.
5. Fracture Toughness Test Results
Hot pressed 1/2" diameter samples for composites listed in Table 4 were precision
diamond machined to create a V-shaped CHEVRON slot. The specimen configuration is shown
schematically in Figure 9. The machined samples were tested at room temperature for
fracture toughness at LLL using a Teratek Fractometer. The Fractometer applies a controlled
pressure inside the diamond-sawed slot. The pressure causes a crack to originate at the
2]
TABLE4. DENSITIESOFCOMPOSITESHOTPRESSEDAT
5000TO 10,000PSIAND1375-1475°C
Composite Composition Type Density g/cc
# %ZrO_ %Seed SiC Actual Theoretical
1 5 15 0 F-H 3.07 3.93
2 5 30 0 F-H 3.02 3.84
3 15 15 0 F-H 3.46 4.03
4 15 30 0 F-H 2.84 3.94
5 5 15 4 F-H 3.35 3.03
6 5 30 4 F-H 2.91 3.84
7 15 15 4 F-H 3.3 4.03
8 15 30 4 F-H 2.79 3.94
9 5 15 0 M-8 3.44 3.93
10 5 30 0 M-8 3.03 3.84
11 15 15 0 M-8 3.16 4.23
12 15 30 0 M-8 3.31 3.94
13 5 15 4 M-8 3.33 3.93
14 5 30 4 M-8 3.04 3.84
15 15 15 4 M-8 3.32 4.03
16 15 30 4 M-8 2.95 3.94
17 5 15 4 Tokai 3.36 3.93
18 5 30 4 Tokai 2.93 3.84
19 15 15 4 Tokai 3.51 4.03
20 15 30 4 Tokai 3.07 3.94
25 5 0 0 - 3.1 4.03
26 5 0 4 - 4.06 4.03
27 15 0 0 - 3.63 4.15
28 15 0 4 - 4.21 4.15
29 15 15 F-H 3.22 4.07
30 15 15 M-8 3.11 4.03
%
Densification
78
79
86
72
85
76
82
71
88
79
78
84
85
79
78
75
85
76
82
78
77
100
87
100
80
77
Mixed Powder
22
print of the "V"-shapedslot. Thecrack advancesslowlyand requiresan ever-increasingload
until the critical crack stress intensity is reached. The peak load to advance the crack
through the critical location is linearly related to the specimen's fracture toughness. This
test technique was used for the majority of composites studied under this contract, for
convenience and quick evaluation of the processed composites. The objective here was simply
to determine comparative K,c values by a quick and simple technique. The accuracy of this
technique and complete comparative analysis of this technique to different mechanical test
techniques is beyond the scope of this study.
Composites, using Tateho SiC whiskers, were tested using the four-point, bend test.
The calculated critical fracture toughness from those test results for both series of
composites are summarized in Table 5.
a. Statistical Analysis of KIC Data for Composites Using F-H and M-8 SiC Whiskers
Statistical analysis results of the data for composites made with F-H and M-8 SiC
whiskers using the mean match samples technique is summarized in Table 6. From these
results it is clear tht there is no statistical difference in fracture toughness of composites
having F-H or M-8. Accordingly, K_c data for composites using F-H and M-8 can be
averaged. The results of the statistical analysis of the average K,c'S (shown in Table 7)
indicate that o_-alumina seeding has a statistically significant effect, with 95% confidence, on
increasing the fracture toughness of the tertiary composites. The mean increase in K,c is
0.31 MPam '/2 per wt% increase in or-alumina seed. Increased ZrO 2 content was also found,
using the same statistical analysis technique, to have significant effect on increasing the
fracture toughness of the composites. The mean increase in K_cis 0.18 MPam _/2 per 10 wt%
increase in ZrO 2 content. It was also found that SiC whisker content has a substantially
significant effect on composite fracture toughness, however, the effect is toughness by an
average of 1.33 MPam '/2. This surprising result can be attributed to the lower densities
obtained with composites containing higher SiC whisker content. The hot pressing conditions
were not changed to take into account the anticipated problem in processing composites with
high SiC content.
Comparing the K,c for mixed powder tertiary composites #29 and #30 with corresponding
composites #3 and #11, produced from our sol-gel approach, respectively, it is clear that the
sol-gel approach results in composites with enhanced fracture toughness. This is more
apparent when comparing the K c of the tertiary composites produced by sol-gel with crseed.
It is clear that the sol-gel with seed approach results in tougher composites than mixed
powder approach.
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FIGURE 9. TERRATEK _PECIMEN CONFIGURATION FOR
FRACTURE TOUGHNESS MEASUREMENT
P = 0.5 inches
a = 0.266 inches
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TABLE 5. CRITICAL FRACTURE TOUGHNESS FOR COMPOSITES Kic
Composite Composition Type/ %
# _ %SiC %Seeq_ SiC K,cMPamzz2 I_ensification
1 5 15 0 F-H 4.46 78
2 5 30 0 F-H 3.20 79
3 15 15 0 F-H 5.60 86
4 15 30 0 F-H 2.70 72
5 5 14 4 F-H 6.63 85
6 5 30 4 F-H 3.80 76
7 15 15 4 F-H 5.40 82
8 15 30 4 F-H 3.43 71
9 5 15 0 M-8 5.37 88
10 5 30 0 M-8 3.79 79
11 15 15 0 M-8 4.49 78
12 15 30 0 M-8 4.49 84
13 5 15 4 M-8 3.44 85
14 5 30 4 M-8 3.85 79
15 15 15 4 M-8 5.37 78
16 15 30 4 M-8 4.62 75
17 5 15 4 Tokai 6.28 85
18 5 30 4 Tokai 5.06 76
19 15 15 4 Tokai 6.59 82
20 15 30 4 Tokai 4.52 78
21 5 15 4 Tateho 9.40 94
22 5 30 4 Tateho 9.87 92
23 15 15 4 Tat eho 9.33 92
24 15 30 4 Tateho 10.06 90
25 5 0 0 - 3.17 77
26 5 0 4 - 7.09 . 100
27 15 0 0 - 5.54 87
28 15 0 4 - 6.07 1O0
29 15 15 F-H 5.03 80
30 15 15 M-8 4.10 77
25
TABLE6. COMPARINGFRACTURETOUGHNESSMEANOFMATCHSAMPLES
USINGF-HANDM-8SiCWHISKERS
SiC
15
30
15
30
15
3O
15
30
Composition,wt% FractionToughness(MPam_/2)
ZrO oc-Seed F-H M-___88 _d, d,2
5 None 4.46 5.37 -.91 .83
5 None 3.20 3.79 -.59 .35
15 None 5.60 4.49 1.11 1.12
15 None 2.70 4.49 - 1.79 3.20
fi 3% 6.63 3.44 3.19 10.176
15 3% 3.86 3.85 0.01 0.00
15 3% 5.40 5.37 0.03 0.00
15 3% 3.43 4.62 - 1.19 1.42
O.14 17.293
d = -.0175
s o = 1.6000
t = 0O309 < t
t!_t]t crillcal
= 2.306
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TABLE7. STATISTICALNALYSISOFTHEEFFECTOF r-SEED
USINGF-HANDM-8
Composition
sic ZrO._
15 5
3O 5
15 15
30 15
Fraction Toughness
Unseeded Seeded d, _,z
4.915 5.035 -.12 -.014
3.495 3.855 -.36 .13
5.045 4.49 -.34 .12
3.595 4.49 -.43 .18
d = -.31
sa = 0.13
t_ = 4.66 > t_rit,cat -- 3.18
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b. Statistical Analysis of K Data for Composites Containing <(F-H and M-8) vs
Tokai Whisker> With _ -Alumina Seed
The fracture toughness comparison of composites made of Tokal SiC whiskers and those
made from F-H and M-8 is depicted in Figure 10. Statistical analysis indicates that the type
of SiC whiskers is statistically significant with Tokal whiskers resulting in an average of
1.02 MPam '/_ increase in toughening over those with the F-H and M-8 SiC whisker. ZrO 2
content seems to have not statistical effect on K c while again SiC whisker content has a
negative effect on K c by an average amount of 1.44 MPam _/2 for the 15 wt % increase in
the SiC whisker content. This again can be explained by the low temperature pressing of
these composites. In summary, it appears that tougher composites were obtained using Tokai
whiskers compared to the F-H and M-8 whiskers.
c. Analysis of K Data for Composite Containing Tokai SiC Whisker vs Tateho SiC
Whisker, cx -Alumina Seed
The four composites powders made with Tateho SiC whiskers were hot pressed at high
temperature, low pressure and shorter time than the composites made with Tokai SiC
whiskers, as mentioned previously. Accordingly, it was difficult to ascertain whether the
effect was due to the whisker or the hot pressing conditions. We are positive that both
factors are significant.
Accordingly, we were not able to statistically analyze the Kc data. However, by
comparison of the data, depicted in Figure 11, it is possible to conclude that: (1) the Tateho
SiC and/or the hot pressing conditions had substantial effect on the fracture toughness of
the composites. This could be due to the increase in density of the hot pressed parts,
(2) ZrO_ content does not seem to have a significant effect on K,c; and (3)SiC content
seems to have a negative effect using the Tokai SiC whiskers and a positive effect on
toughness using the Tateho whiskers. This again can be explained by the effect of increased
whisker content on decreasing the density which seems to be an overriding factor. Even
though K c increased with increasing Tateho SiC whisker content, we would expect a much
higher increase than obtained because the effect of increased SiC content on density also
played a role here.
SEM of the fracture surfaces of composites containing Tokal and Tateho SiC whisker
are shown in Figure 12. It is clear that composites with Tateho SiC whiskers were denser
with less than composites with Tokai whiskers. It is interesting to note that no SiC
whiskers where visible in the Tateho composite while they are visible in the Tokai
composites. Neither composites show any evidence that the whisker pull-out mechanism is
operative. Therefore, toughening has to be through ZrOz transformation and microcracking
and SiC whisker crack deflection mechanisms.
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Tokai
F-H, M-8
<
{ 1%
5%
ZrO 2
15%
30%
SiC
FIGURE i0 FRACTURE TOUGHNESS RESULTS - FACTORIAL DESIGN
DIAGRAM FOR TERTIARY COMPOSITE
29
Tateho
Tokai
5%
ZrO2
15%
15%
30%
SiC
FIGURE ii. COMPARISON OF FRACTURE TOUGHNESS
RESULTS OF COMPOSITES MADE WITH
TOKAI AND TATEHO WHISKERS
3O
(a)
OI<i'.}H_'AL Ff-_GE _S
OF POOR QUALiTi[.
(b)
FIGURE 12 SEM OF FRACTURED SURFACE OF 15% ZrO 2 - 15% SiC
TERTIARY COMPOSITE (a) TOKAI WHISKER, (b) TATEHO
WHISKERS. 1000X MAGNIFICATION
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d. The Fracture Toughness of Binary (Al_O3-ZrO 2) Composites
The K_c's for the four binary (Al_O3-ZrO 2) composites produced from sol-gel with and
without G-alumina seed are shown in Figure 14. It Is clear that the oralumina seed had a
significant effect on the fracture toughness and also on the sintering of these binary
composites (compare SEM of fractured surface in Figure 15a and b). It is interesting to note
the fine particulate (presumable ZrO z) in the completely fused (presumable alumina matrix)in
Figure 15b. The fracture toughness of 7 MPam _/t for 5% ZrO 2 with oralumina seed is
considered excellent for binary ZrOo composite.
6. Fracture Toughness Model and Data Analysis
We have examined the toughness mechanism in SWA and ZTA and have predicted how
they would interact in a tertiary system. The toughening mechanisms in SWA are crack
deflection and whisker pull out. Each toughening mechanism will be first described
separately, then a prediction of how they will interact in a tertiary system is proposed.
(a) Whisker Pull-out Mechanism
The schematic of the whisker pull-out mechanism is shown in Figure 16.
Matrix
Whisker
//-"/
Crack Plane
Figure 15
Tile force exerted on the whisker by the matrix in the axial direction is given by
F = A -r;=(2"_rl)'r (1)
i
q- = interfacial shear stress
)
A = interfacial contact area between matrix and fiber
The interracial shear stress is given by
1- -- _t o- (2)
t_ = coefficient of friction
o- = compressional stress due CTE mismatch
rl
when cooling from sintering temp.
of the fiber and the matrix
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Seeded
Unseeded
5%
ZrO 2
15%
FIGURE 14.
FRACTURE TOUGHNESS RESULTS - FACTORIAL DESIGN
DIAGRAM FOR BINARY SYSTEM
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(a)
FIGURE 15.
(b)
OF POOR QU_T_
SEM OF FRACTURE SURFACE OF BINARY (5% ZrO 2) COMPOSITE
(a) WITHOUT (b) WITH Seed. 5000X MAGNIFICATION
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Thetensilestress generatedduringwhiskerpull-outIs givenby
o-w=F/A_=F/_r2=2_r/'r,/r (3)
Aw=cross section areaof whisker
Thecompressionalstress is evaluatedusingSelsing'sEquationwhere:
o- = (ocw - oc) TI{[I+_,m)/2E ]_[(1-2_, )/Ew]} (4)
y_ = Poisson's Ratio of the Matrix
cc and c£ are the CTE's of the matrix and fiber respectively. E and Er are Young's
modulus of the matrix and fiber respectively. If the tensional stress in the whisker exceeds
the fracture stress of the whisker, the whisker will break. The tensional stress, as seen in
equation (3), is a function of the length of the whisker that is imbedded in the matrix, the
radius of the whisker and the compressional stress. A critical ratio of length of whisker
embedded to whisker diameter can be determined from equation (2) and (3).
L/D = a-
mwf
4a" _t
n
(5]
a- = fracture tensile stress of whisker
W'
if this ratio exceeds the critical value the whisker will break/ Toughening can be
achieved with whiskers that are intercepted by a crack plane so that the _ength of whisker
embedded divided by the whisker radius exceed this ratio. Betcher, Tiegs, Ogle, and Warwick
reported that this critical aspect ratio is expected to increase with temperature because the
normal compressional stress due to CTE mismatch will decrease with increasing temperature.
A qualitative understanding of the parameters that govern the toughening imparted by
whisker pull-out is obtained by calculating the work of pull-out of a single whisker aligned
perpendicular to the tensile stress field that is intercepted by a crack at a distance less than
the critical length from the whisker end 1. This work of pull-out can be evaluated from the
following integral.
_c
W =IF dl = r12"_'r = /'_r'r (I2 -I, 2) (6)
' /t '
The toughening increment is equal to the sum of all the individual works of whisker
pull-out. Whisker volume fraction and aspect ratio are the only factors that the
manufacturer has control over the affect the work of pull-out. Therefore. it makes sense to
think that the higher the volume fraction of whisker the greater the toughening increment.
Also. aspect ratio should be optimized to work of pull-out. The optimum ratio is expected to
be slightly greater than two times the critical aspect ratio.
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(b) Crack Deflection Mechanism
The primary toughening mechanism Is SWA has been shown to be crack deflection (2).
Faber and Evans have used a fracture mechanics approach to model the crack deflection
mechanism for rod like whiskers (3,4). Where the rod like whiskers in the near field of a
propagating crack perturb the crack front causing a reduction in stress Intensity. When a
crack front approaches a whisker It will characteristically tilt out of the plane of advance at
an angle theta.
\
|1 . =
! t
Figure 16. Crack Tilt Mechanism
The tilted crack has Mode I (opening) and Mode II (sliding) contributions. Subsequent
crack advance can result in crack front twist caused by interaction with an adjacent whisker.
_-" '- a $;n 6, _ m,2x m_,T, 1..,r:$!
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Figure 17. Crack Twist Mechanism
The crack twist mechanism incorporates Mode I and Mode III (tearing) contributions.
The increase in fracture toughness imparted by the crack deflection perturbation is evaluated
from the local stress intensity factors k_, k 2, and k 3 as a function of deflection trajectory.
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Crack advance is then assumed governed by the strain energy release rate G, pertinent to
each segment of the crack front along its deflected trajectory.
EG = k_2(1 - y2) . k22(1 _ y2) _ ka2(1 ÷ _,)
E = Young's Modulus of the Matrix
y = Poisson's ratio of Matrix
k_ = Mode I Stress Intensity Factor
k z = uode II Stress Intensity Factor
143= Mode III Stress Intensity Factor
C7)
The average G, <G>, across the crack front is then considered to represent the net
crack driving force. A comparison of <G> with the corresponding Gm for the undeflected
crack gives the predicted toughening increment G. The predicted toughening is evaluated for
the crack tilting and crack twist mechanisms separately and then multiplied to give the total
toughening increment due to the crack deflection perturbation. The local stress intensity
factors for the crack tilt mechanism is represented as follows:
(8)
where K, is the critical stress intensity factor of the matrix and K_ (0) and K2_ (0) are
angular functions associated with tilted cracks. Correspondingly, the stress intensity factors
applicable to the crack twist mechanism can be expressed as
k', = K,,(e)14'_ • K __[e)14_2
k c, = K3,(tg)W _ + K32(_]1412
(93
where K,_(e) are angular functions associated with crack twist and kt_ and kt2 are the local
stress intensity factors for the crack tilt mechanism. The increment of toughening due to
both the crack tilt and crack twist of whisker mechanisms were evaluated assuming a random
distribution of rods for various rod volume fractions and aspect ratios. The increment of
toughening is predicted to increase rapidly until a whisker volume fraction; v w = 0.1. Then
the toughening increment is predicted to increase slowly to v w = 0.2 after which no further
toughening occurs. The toughening increment increases asymptotically with whisker aspect
ratio to about 4, vw>0.2. Little increase in toughness increment is predicted for aspect
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ratios greater than 12. It is interesting to note that the magnitude of each stress intensity
factor in equations (7) and (8) is directly proportional to that of the unperturbed matrix.
C. Transformation and Microcrack Toughening
Cracking in ZTA occurs mainly in the matrix. Kosmac, Swain and
Claussen (5) demonstrated that the critical stress intensity factor of the matrix in ZTA may
be considered to be the sum of three factors, i.e.,
K, : K° ÷&K _ *&K T (10)
K = Critical Stress Intensity Factor of Matrix
where t_ I_ and &K T are functions of the particle sizes and volume fractions of the
monoclinic and tetragonal phases respectively. They report that roughly equal volume
fractions of the t and m phases and a total zirconia volume fraction of 15% gives the
greatest toughening.
D. Interaction of Toughening Mechanisms
The toughening increments due to the crack deflection mechanism and the
transformation and microcracking mechanisms are expected to be muttiplicative in a tertiary
composite which utilizes both SiC-whiskers and zirconia to toughen alumina. The reason why
can be seen by looking at equations (8) and (9) which were derived by Faber and Evans and
were used to determine the local stress intensity factors and hence the degree of toughening
for the crack tilt and crack twist mechanisms.
Equation (8) is seen to be the product of two separate functions. The first function K
U
(e) is a function of whisker-matrix residual stresses, whisker aspect ratio and whisker volume
fraction only. The second function, K1 which is the stress intensity factor for the matrix
shown in equation (10) is the sum of the K of the alumina matrix and _,K_ and _,K t the
o g
increments due to microcrack and transformation toughening, respectively in ZTA. Therefore,
if the matrix of ZTA was considered to be the matrix material for the crack deflection
mechanism; one might expect the local stress intensity factors to be described as follows by
substituting equation (10)into equation (8)
k _ = K ,(e)[K ° * _K t *_1_}
k' = KT,(_)IK a ÷_K t _'AK _}
(11)
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This representationindicates that the stress intensity factors of the whisker reinforced
compositedeterminedby the crack tilt mechanismis directly proportionalto the increaseof
stress intensity factor of the matrix due to microcrack and transformation mechanism.
Correspondinglythe stress intensity factors for the crack twist mechanismshown in
equations (9) are products of the stress intensityfactors for the crack tilt mechanismand
functions of whisker orientation,aspect ratio and volume fraction. Therefore,the stress
intensity factors for the crack twist mechanismarealso seen to be directly proportionalto
the stress intensity factor of the matrix. The above representationindicates that the
incrementsof tougheningdue to the crack deflectionmechanismand that due to microcrack
and transformation mechanismswould be multiplicative. This suggests that a tremendous
increase in toughness could be achievedby producing a tertiary compositeutilizing both
SiC-whiskersand zirconiato toughenalumina.
The incorporationof zirconia into SWAis not expected to influence the incrementof
tougheningdue whisker pull-out to a highdegree. The difference is the CTE'sof SiC and
ZrO2 is not as great as that of SiC and AI203,therefore, the inter-facialshear stress would
not be expected to be as high. However,if a whisker is adjacent to a t-zirconia particle
that transforms the dilation that occurs wouldcreatea large compressionalforce upon the
whisker creatinga large interracialshear. Whiskerpull-out is expectedto accountfor about
the samedegreeof tougheningin the tertiary compositeas is observedinZTA.
Accordingly,we expect at least from the theoreticalpoint of view that the toughening
incrementsfrom the crack deflectionmechanismand the transformationand microcracking
mechanismshould be multiplicative. Also, an additional increment of tougheningwill be
realizedfrom the whiskerpull-outmechanism.
7. Comparison of Model with K,c Data
The interaction of the crack deflection mechanism due to SiC whiskers, with the
transformation and microcrack mechanisms, due to zirconia particle, has been described in
equation (12), where K(e,e) is predicted by Faber and Evans to have a value of
approximately 3.5 for the whiskers aspect ratios and volume fraction that we used in our
study. However, actual values of K (e,e) are substantially less. Actual values can be
determined from
K (e,e) = K /K
C 0
K = K of Monolithic Alumina (12)
0 _C
The value of (_'_K T * A K_) is the difference between the K_c of ZTA and monolithic
alumina. Therefore, expected values of K c for the tertiary composite (SiC-ZrO2-AI203) can
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be predicted from known values of K: for SWA,ZTAand monolithicalumin& Thesevalues
along with the calculatedvalues for the tertiary compositesusingTatehowhiskers,where we
used four point bendingtechniques,are given in Table8, together with adjusted data from
ORNL([tocorrespond to the same compositionof our work). The calculateddata is done
usingthe Kc valuesof ZTAfromboth mixedpowderand gel.
It is clear from the resultspresented in Table8 that ([1)our proposedsol-gel approach
resulted in superiorfracture toughnesscompositesthan the mixedpowderapproachof ORNL,
(2) ORNLdata is lower than the calculated data using K,c for gel ZTA, ([3)the Kc we
obtained for our tertiary compositesare generallyhigherthan the valuescalculatedusing the
Kc for ZTAderived from powder, but lower than the Kc's calculatedusing the K_c'Sfor
ZTAderived from gel. Conclusions(2) and(3)implies that the calculatedvalues represent
the maximumexpectedK,,:value for eachapproach. Accordinglymixedpowderapproachhas
the maximumpotentials of producingcompositeswith up to 11.4MPam_/2while the sol-gel
approachhas the potentialof up to 15.45MPam'/2.
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CONCLUSIONS
Sol-gel approach has demonstrated the potential of producing tertiary composites with
superior fracture toughness.
or-alumina seeds have a significant effect on the alumina and zirconia phase
transformation, sintering behavior and consequently on the fracture toughness.
oralumina seed/gel approach produced superior toughened binary composites even with
very low ZrO z content.
SiC type an consolidation condition are significant in producing superior toughness
composites.
A maximum K c for tertiary composites can reasonably be estimated by a
developed. According to this model, our approach has the potential of
composites with K,c of 15 MPam _/2
model we
producing
A tertiary composite was produced with Kjc of 10 MPam _/2, which is superior to any
published data for a similar system.
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VI. POTENTIAL. APPLICATION
The potential in ceramic composites for superior engineering materials is attracting
much attention worldwide. With the proper combination of ingredients, ceramic-ceramic
composites hold promise for tough materials without sacrifice in the advantage that ceramics
have over metals, and polymers. High performance ceramic composites have a wide range of
potential applications such as, cutting tools, wear parts, military and aerospace applications
and hear engine parts. Such application can materialize and new market opportunity can
occur only if an economically formulated composite powder, a low cost method of
consolidation, and high mechanical and thermal stability performance is achieved. The
developed binary and tertiary composite under this program offers the potentials for
producing will engineered ceramic powder with the right ceramic properties from simple low
cost process steps. This could lead to low cost consolidation techniques. The major cost
factor will be the SiC whisker. However, several companies are active in the U.S. to produce
whisker at <$50/Ib compared to existing prices of $125 to $250/Ib. Accordingly, it is
conceivable that by' the end of this program we could produce engineered ceramic composite
powder on a commercial basis for under $20/Ib. At this projected cost, a potentially large
market could develop.
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